Abstract : With plunging breaking waves, air bubble entrainment is caused by the top of the wave forming a plunging jet and entraining air when it impacts the water in front of the wave. The potential for air bubble entrainment is related directly to the plunging jet impact characteristics. New experiments were performed in a two-dimensional wave flume.
Introduction
In lakes, estuaries and the ocean, gas transfer derives from free surface aeration. A substantial component of the mass transfer process occurs in the air bubble clouds entrained by breaking waves. The main mechanisms of air entrainment by breaking waves are spilling breakers and plunging breakers. In this study, only the plunging breaking wave type is examined as its potential for air bubble entrainment is much greater than the spilling wave type (COKELET 1977) .
With plunging breakers, the entrainment of air bubbles is caused by the waves forming a water jet projecting ahead of the wave face and entraining air when it impacts the water free-surface in front of the wave ( fig. 1 ). Several studies (e.g. KOGA 1982 , HUBBARD et al. 1987 highlighted the lack of knowledge of the characteristics of plunging water jets in front of the breaking waves. The flow conditions at the impact of the water jet with the free-surface are most important in characterising the air bubble entrainment process. Recent reviews of air entrainment by plunging jets (e.g. BIN 1993 , CHANSON 1995b showed that the jet impact velocity V i and the angle θ between the plunging jet and the free-surface of the receiving fluid are two dominant parameters for estimating the amount of entrained air and the sizes of entrained bubbles.
New experiments were performed in a wave flume. First the experimental apparatus is described. Then the characteristics of the plunging jet are described. The energy dissipation characteristics of plunging breakers are also discussed. Full details of the data and of experimental apparatus are reported in CHANSON and LEE (1995) . CHANSON, H., and LEE, J.F. (1997) . "Plunging Jet Characteristics of Plunging Breakers. " Coastal Engineering, Vol. 31, [1] [2] [3] [4] July, .
Experimental apparatus
New experiments were performed in a 10-m glass flume of uniform rectangular section. The channel width is W = 0.3 m and the sidewall height is 0.7 m. For all the experiments, the channel bed was horizontal and tap water was used.
One end of the flume is the wave generator which is controlled by a variable-speed electronic controller enabling a fine established-wave characteristic adjustment. The other end of the channel is a dissipation system (i.e. beach) consisting of inclined perforated steel plates, wave breaker models and plastic meshes. A sloping bottom was installed at 4.12 m downstream of the wave maker ( fig. 2 ). The bottom slope was 4.8 degrees and the inclined bottom ended with a backward facing step. The geometry of this impervious sloping bottom and the deep-water wave characteristics were selected to induce breaking near the end of the sloping bottom with the plunging jet impacting downstream of the bottom edge in a region of large water depth. Further details on the channel characteristics were reported by LIN and HWUNG (1992) and HWUNG et al. (1992) .
The water levels were measured with three wave gauges which were calibrated on-site with a graduated scale (∆h < 0.5 mm). The wave gauge resistances were scanned simultaneously at 100 Hz by a computer-controlled data acquisition system. For all the experiments, the deep-water wave characteristics were taken as that measured at the wave gauge No. 2. The error on the wave amplitude is estimated as ∆A < 0.5 mm.
The wave breaking process was observed with a digital video-camera Sony™ CCD XC77RR using a one-millisecond shutter speed. The images were recorded on a video-recorder JVC™ HR-S5500V at a rate of 30 frames per second.
Two camera positions were used : one at the end of the sloping bottom to investigate the wave breaking, and the other in front of the water pool to record the plunging jet impact. The camera was focused on the channel centreline and covered a window of about 0.45-m by 0.34-m.
Preparation of the experimental flow conditions
The same procedure was applied to each experiment (table 1) . The water in the flume being perfectly still, the wave gauge data acquisition system and the video-recorder were started before the wave-maker. Because of the inertia of the wave maker, the first and second waves were not fully-developed and no breaking was observed. After several waves (i.e. usually after the 7th wave), two secondary effects were observed : a "backwashing" effect (i.e. flow returning effect), and some wave reflection effects.
The first effect is caused by an increase of volume of water at the end of the channel (i.e. downstream of the step). As a result wave breaking no longer occurred at the end of the sloping bottom. A similar backwashing effect was observed previously by other researchers (e.g. IVERSEN 1952). The second effect was caused by wave reflection from the beach at the downstream end of the channel. The wave reflections could induce small perturbations (i.e. wavelets) at the free-surface and the presence of wavelets perturbed the incoming waves and the video signal.
To avoid these effects, it was decided to investigate only the waves No. 3 to 7 for each run. Although the waves No. 3, 4 and 5 were sometimes undeveloped, their characteristics were close to those of fully-developed breaking waves. In each case the individual wave properties (as recorded with the wave gauges) were used as the incoming wave characteristics. CHANSON, H., and LEE, J.F. (1997) . "Plunging Jet Characteristics of Plunging Breakers. " Coastal Engineering, Vol. 31, [1] [2] [3] [4] July, .
Experimental results
The wave characteristics at breaking and at the jet impact (definition in figure 2) were investigated for three still water levels (table 1) . For each wave, the individual wave characteristics (wave celerity C o , wave amplitude A o , wave length L o , wave period T) were deduced from the wave gauge recordings.
At breaking near the edge of the sloping bottom, the wave amplitude A b (above SWL), the wave height H b (measured from crest to through) and the horizontal velocity of wave crest V b were measured when the downstream face of the breaker became vertical. Results are presented in figure 3. On figure 3(A), the breaking wave height is compared with the deep-water breaking theory (Mitchell theory) and the solitary wave theory (IPPEN 1966) . Figure 3 
where θ is in degrees. It is worth noting that the jet impact angle is about 31 degrees (mean value for all experiments)
and that θ decreases slightly with increasing wave amplitude and wave steepness. The former result is consistent with a re-analysis of plunging breaker photographs (COLES 1967 , MELVILLE and RAPP 1985 , LONGUET-HIGGINS 1988 in which θ ranged between 15 and 45 degrees.
Figure 5(B) shows the slope of the free-surface at impact with the horizontal. The data exhibit a wide range of scatter :
i.e., between 0 and 35 degrees. Such a scatter is consistent with the scatter of impact height data. Indeed the shape of the free-surface in front of the breaking point is such that the free-surface slope at impact is expected to decrease with decreasing impact height A i (as defined on fig. 1 ). Overall the order of magnitude of free-surface slope data is consistent with the re-analysis of photographs (COLES 1967 , MELVILLE and RAPP 1985 , LONGUET-HIGGINS 1988 .
Discussion

Impact flow conditions
After wave breaking, the plunging water jet is in free-falling motion before impacting on the free-surface ( fig. 1 ). For a free-falling jet, the impact flow conditions V i and the jet angle with the horizontal (α + θ) can be deduced from simple jet trajectory equations as functions of the breaking velocity V b and free-falling height (A b -A i ). It yields :
CHANSON, H., and LEE, J.F. (1997) . "Plunging Jet Characteristics of Plunging Breakers. " Coastal Engineering, Vol. 31, [1] [2] [3] [4] July, .
On figure 6, the measured jet angle with horizontal (α + θ) is compared with equation (3). The agreement between the data and a simple trajectory equation is fair although not excellent.
Bubble penetration depth
Following the impact of the plunging water jet, entrained bubbles are carried downwards by the jet motion before being trapped in surrounding vortical motion. Later the bubble path becomes driven by buoyancy and the air bubbles rise to the free-surface. The maximum bubble penetration depth was recorded during the experiments. Results are shown on figure 7 where (D p ) max is the maximum penetration depth measured vertically from the impingement point.
The results suggest that the air bubbles are entrained down to 1.2 to 2 times the wave amplitude below the free-surface.
Such results must be considered as a pessimistic estimate for deep water waves as the effects of the flume bottom might be substantial. With plunging water jets in shallow waters, the submerged jet flow is deflected by the bottom. The change of momentum direction is accompanied by a local increase of pressure and of pressure gradient. The modification of the pressure field induces a modification of the bubble path as well as an increase of the buoyancy effects, the bubble rise velocity being proportional to the square root of the vertical pressure gradient.
Energy dissipation by plunging breaking waves
The energy dissipation by breaking waves can be estimated from the incident wave properties (H I , T) and the wave transmission characteristics downstream of the breaking point. During the experiments, the incident flow properties were not available. Computations showed that the wave reflexion coefficient was not zero, implying that the measured wave height was in fact the superposition of the incident wave height and reflected wave height at that location.
The rate of energy dissipation by plunging breaking waves was deduced from the difference of the wave transmission During the experiments, the incident flow properties were not measured directly. They were estimated instead as the wave period T measured at wave gauge No. 2 and the measured wave height H o at wave gauge No. 2.
Results are reported on figure 8. They show that the rate of energy dissipation ranges from 20% to 60% with a mean values of about 40%. Figure 8 (B) suggests an increase of rate of energy dissipation with increasing bubble penetration depth which is best fitted by :
After the impact of the free-falling jet with the free-surface, a turbulent shear flow develops below the free-surface. 
Comparison with energy dissipation by plunging jet at a drop structure
Energy dissipation by plunging jet is commonly used at drop structures and along stepped channels (e.g. fig. 9 (A)). A simple analytical expression of the rate of energy dissipation by plunging jet can be developed :
where h, h c and ∆z are defined on figure 9(A). Such calculations were successfully compared with a large number of experimental data (e.g. CHANSON 1995a).
For a plunging breaker the drop height equals (A b -A i ) (see fig. 1 ). At a drop structure, the critical flow depth is a characteristic jet thickness. For plunging breaking waves, CHANSON and CUMMINGS (1992) estimated a plunging jet thickness of about 0.01 to 0.1*H b based upon a photographic analysis.
Assuming a plunging thickness of 0.1*H b , the authors computed the equivalent rate of energy dissipation at drop structures for the wave flow conditions (see appendix A). The results ( fig. 9(B) ) indicate that the rate of energy dissipation by plunging jets is of the same magnitude for plunging breaking waves and at drop structures. The reasonably good agreement suggests some analogy in the mechanisms of energy dissipation.
It must be emphasised however that the analogy between drop structures and plunging breakers is limited by fundamental differences : drop structure flows are steady flows impacting into shallow waters while plunging breakers (as investigated in this study) are unsteady flows impacting in deeper waters.
Discussion
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Overall the authors believe that the errors on the wave reflection effects caused by the sloping bottom and by the beach might "balance" each other. The reasonably good agreement between the drop structure calculations and the breaking wave calculations provides an interesting comparison, suggesting some similar dissipation processes.
Conclusion
Plunging breaking waves are an important mechanism of entrainment of air bubbles in the ocean and induce the large amount of energy dissipation. New experiments were performed in a laboratory wave flume to investigate the characteristics of the plunging jet. The main results of the study indicate that the location of the plunging jet impact with the free-surface is always above the still water level with some substantial scatter, and that the impact angle of the plunging jet with the free-surface is about 31 degrees. The rate of energy dissipation at each plunging breaker is about 20% to 60%. Energy dissipation calculations suggest that the rate of energy dissipation increases with the bubble penetration depth and with the characteristic length of the plunging jet shear flow. Interestingly the rate of energy dissipation is similar to the rate of energy dissipation at drop structures.
The writers wish to emphasise that the calculations of energy dissipation are based upon several approximations. In their opinion, the close agreement between energy dissipation calculations at plunging breakers and at drop structures confirms the soundness of the calculations. 
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Appendix A -Energy dissipation calculations
The energy dissipation by plunging breaking waves downstream of the sloping bottom was estimated by comparing the wave height measurements at wave gauges No. 2 and 3 (see fig. 2 ) with ideal-fluid flow computations. Vol. 31, [1] [2] [3] [4] July, .
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The ideal-fluid flow computations were performed with a Boundary Element Method (BEM) model. The BEM model was a simplification of the two-dimensional steady flow model developed by LEE (1995) . The incident wave flow conditions (see below) were set at the upstream boundary. The computations provided the (ideal-flow) wave transmission over the sloping bottom and the wave reflection. The rate of energy dissipation by plunging breaking waves was deduced from the difference of the wave transmission energy for ideal fluid flow (BEM model) minus the measured wave transmission energy (data). It yields :
During the experiments, the incident flow properties (at the wave maker) were not available. Computations showed that wave reflection coefficient was not zero, implying that the measured wave height H o was in fact the superposition of the incident wave height H I and the reflected wave height H r at that location. (5) and (6) Note : experimental flow conditions corresponding to the third to seventh waves. CHANSON, H., and LEE, J.F. (1997) . "Plunging Jet Characteristics of Plunging Breakers. " Coastal Engineering, Vol. 31, [1] [2] [3] [4] July, H., and LEE, J.F. (1997) . "Plunging Jet Characteristics of Plunging Breakers. " Coastal Engineering, Vol. 31, [1] [2] [3] [4] July, H., and LEE, J.F. (1997) . "Plunging Jet Characteristics of Plunging Breakers. " Coastal Engineering, Vol. 31, [1] [2] [3] [4] July, 
